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abstract Glutathione S-trahsferase (GST) func- 
tions m xenobiotic biotransformation and drug metab- 
ohsm. Increased expression of GST*, an isozyme of 
GST, has been found in cancer cells resistant to doxo- 
rubicm hydrochloride (DOX) or c^anuninedichloro- 
platmum (II) (CDDP), and this increase was believed £ 
be correlated with drug resistance of cancer cells. GST 
is mamly expressed in the cytoplasm; GST* in the 
nucleus has been reported in cancer cells, but die 
meaning of this result is not known. Here, we studied 
changes m the amount of nuclear GST* after exposure 

nLLT GST? 10 , 311 ^ 311 ^ *»* r ° ,e of 

nuclear GST* m drug resistance. We found nuclear 

«f- T ^Z 0 * 11 * rCSistam to DOX - ™ d 0" amount 
of nuclear GST* was enhanced by treatment of the 
cancer cells with DOX or CDDP. We also found thaTa 

T^TL 1 "*"' bhibitor of nuc l^ transport, 
inhibited the nuclear transfer of GST*, suggesting £ 

transfer of GST*. Nuclear GST* protected DNA 
agamst damage by anticancer drugs These resulte 
suggest a possible role of GST* in the acquisition^ 
resistance to anticancer drugs by cancer ceils. -Goto, 

Kondo, T. Doxorubicin-induced DNA intercalation and 

t?J^ g bY DUdear g'utathione ^transferase * 
FASEBJ. 15, 2702-2714 (2001) ^rerase *. 

5L^'\ GluMhi V U S-*™/*™* * • doxorubicin • c*- 
plattn • nuclear transfer • DNA damage 



Glutathione S-transferase (GST, EC 2 5 1 18) is 

na?ure y GStT" " b ****** I* 

nature. GST functions m xenobiotic biotransformation 

five tCSr 6 ? r 011 ^ (2) ' Pr ° tecd0n a ^ inst P eroxi °a- 
□ve stress of hp.ds and nucleic acids (3-5) and 

.somerauon of prostaglandins (6). Human GST* is one 

GST*T, " f GSTS - InCreaSCS in * e ex P re »'°n of 
GST* have been reported in various human cancer 
tissues and precancerous tissues, and GST* has been 
employed in cancer research as a tumor marker (7-11) 
An increase was also found in cancer cell lines resistant 
to doxorub.cn hydrochloride (DOX), OKliamminedi- 

Z n^ a 5) n GST (II) L CDDP) (12 " 14) - ° r 

agents (lo). GST* in the nucleus has been reported in 




m 

utenne cancer cells (16) and glioma cells (17) S uM 
■ng a negauve correction between the exist nf|f 
GST* , n the nucleus of cancer cells and patienlf 
vival. However, there has been no report on the 
anisms related to the presence of GST* in the nS 
° r ™t P h y siol °^ role of nuclear GST* 

Judox ir? ncer d ^ at inhibits t0 P 0i -l 

ase II DOX interferes wnh the topoisomerase 
complex, leading to the formation of double-strand 
breaks of DNA or direct intercalation with DNA frfS 

mlST S "? D ^' A dUp,kad0n and ^nscrip'tioP 
mRNA (18). Production of reactive oxv*en sM 
(ROS) is also thought to be a cytotoxic effect of^f 
on cancer cells (19). 

CDDP, a platinum-containing drug, binds to^L 
guanme residues and forms cross-linkages inside!! 
among the DNA chains (20). The cross-linkage Oflffe 

.a • ? u Ca T S 3 chan « c in structure of theDrfp 
and inhibits the transcriptional activity to form mM|P 
The DNA coupled with CDDP is recognized by proM 
with high mobility group domains, to which -reM 
enzymes are unable to bind and repair injured « 
These changes finally lead to cancer cell death (21"§1f 

There have been many reports on the increased 
mtracellu ar reduced form of glutathione (GSH0 
cancer cells resistant to DOX and CDDP (23-26) ' GSJ 
is synthesized by the activity of two ATP-req^Hn 5 
enzymes, y-glutamylcysteine synthetase ( 7 -GCS)|f| 
synthetase. Elevated levels of y-GCS mRNAanal 
protein have been reported to correlate with acl^ 
tion of resistance to DOX and CDDP (25 *6)-%0m 
mem of cancer cells with buthionine suIfoximmT 
7™ 3 Spedfic inhibitor of 7-GCS, decreases me'lff 
ot GSH and increases the sensitivity to anticancer drff 
invitro (23, 24). GSH is thought to associate witnlf 
efflux system of DOX and CDDP through ATP-blno^ 
cassette transporters (ABCs), such as canalicular If 
specific organic anion transporter (cMOAT), and mu 
. Udrug resistance-associated protein.l (MRP1) (26l!sf 
Depletion of intracellular GSH using BSO cau|<l 

' -V'*>^5i 
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Idecrease in the efflux activity of DOX and CDDP, 
^reducing the drug resistance of cancer cells (31, 32). 
|\Ve previously reported that GSTtt forms a CDDP-GSH 
f adduct, which is transported outside the cells (33), and 
Eihe efflux activity of CDDP is elevated in cancer cells 
Iresistant to CDDP (26). It has been reported that DOX 
Iforms an adduct with GSH inside the cells (34), al- 
|though the mechanism for the formation of the DOX- 
iGSH adduct is unknown. 

m. Transaction of the GSTtt gene into cancer cells to 
loverexpress the enzyme has resulted in an enhance- 
pient of resistance to DOX and CDDP (35-38); other 
Ireports have neglected the effect of transfection of 
IfesTTT into cancer cells on drug resistance (39). These 
||tudies did not examine the nuclear localization of 
p(3ST7T. In our study here, we found that GSTtt was 
^present in the cytoplasm of all cancer cell lines exam- 
pried, but nuclear GSTtt was not detected in some cell 
pines'. The amount of GSTtt in the nucleus seemed to 
porrelate with drug resistance. Specifically, we ad- 
pressed the following: 

p i) Change in the amount of nuclear GSTtt after 
lexposure of cancer cells to anticancer drugs 
mZ) Regulation and mechanism of the nuclear transfer 
m GSTtt 

||; 3) Role of nuclear GSTtt in drug resistance 

P^^TEIOALS AND METHODS 
l&laterials 

K)DP was a gift from Nihon Kayaku (Tokyo, Japan), and 
^'thyl40-[4-(l-piperidino)4-piperidino]carbonyloxy<amFK 

|||necin (CPT-11) was from Yakult Honsha (Tokyo, Japan) . 
Wbx and edible mushroom (Agaricus bisporus) lectin (ABL) 
||§re purchased from Wako Pure Chemical Industries (Osaka, 
llfpan); RPMI 1640, Dulbecco's modified Eagle's medium 
^MEM), and FBS were from Gibco BRL (Rockville, MD); 
gpfseradish peroxidase-labeled anti-rabbit IgG was from 
^MKO A/S (Glostrup, Denmark); anti-human p53 monoclo- 
^1 antibody was from Oncogene Research Products (Cam- 
; fllpdge, MA); fluorescein isothiocyanate (FITC) -conjugated 
■ ^^ti-rabbit IgG was from ICN Pharmaceuticals (Aurora, OH); 
: g||>w Fade Light Antifade kit was from Molecular Probes 
: Sfeigene, OR); and Enhanced Chemiluminescence (ECL) kit 
from Amersham Pharmacia Biotech (Buckinghamshire, 
; IK); Other chemicals and reagents were purchased from 
i ^pma Aldrich (St. Louis, MO). Anti-human Cu.Zn-superox- 
'] Wm dismutase (Cu,Zn-SOD) polyclonal antibody was a gift 
5 Sffifm. Dr. K Suzuki (Hyogo College of Medicine, Nishi- 
l j^rniya, Japan). 

\ Separation of cells 

I Slliused the human cancer cell lines HCT8 (colonic carci- 
i pia), T98G (glioblastoma), PC-6 (small cell lung carcino- 
1 flpj A549 (lung adenocarcinoma), A2780 (ovary carcino- 
id Hg)V and THP-1 (acute monocytic leukemia). Dr. K. J. 
I fraction (Bedex Biosciences, CA) donated HCT8 and A2780 
i mm$; and Dr. H. Isobe (Hokkaido University School of 
J Spicine, Sapporo, Japan), the A549 and PC-6 cells. T98G 
S ■^^THP-1 cells were purchased from American Type Culture 
| Hptction (Rockville, MD). T98G cells were maintained in 



DMEM, and the other cells were maintained in RPMI 1640. 
They were supplemented with 10% FBS at 37°C in 5% C0 2 
with 100% humidity. Six hours before treatment with antican- 
cer drugs or ABL,' the medium of cells with 10% FBS was 
changed to medium with 1% FBS. About 2 X 10 6 cells were 
harvested with trypsin and washed twice with PBS (0.137 M 
NaCl, 2.68 mM KC1, and 10 mM NaH 2 P0 4 /Na- 2 HP0 4 , pH 7.4, 
PBS) at 4°C. The pellets were stored at -80 3 C before use. The 
doses of anticancer drugs used in this study were based on the 
results of the 3-(4,5Klimethylthiazol-2-yl)-2 t 5-diphenyltetrazo- 
lium bromide (MTT) assay and the trypan blue dye exclusion 
test. HCT8 cells were treated with various concentrations of 
anticancer drugs for 24 h. The doses that suppressed cell 
growth by 30-50% and that killed less than 6% of cells were 
determined. 

Preparation of cytoplasmic and nuclear proteins 

The cytoplasmic and nuclear proteins were prepared as 
described by Dignam et al. (40). Briefly, cell pellets (1X10 
cells) were treated with 100 \d of hypotonic buffer (10 mM 
HEPES at pH 7.8, 10 mM KC1, 0.1 mM EDTA, 1 mM 
dithiothreitol, 0.5 mM phenyl methylsulfonylfluoride [PMSF], 
2 u-g/ml pepstatin, 2 u.g/ml leupeptin). After centrifugation 
of the sample (1800$ 4°C, 1 min), the supernatant was 
prepared as the cytoplasmic fraction. The debris was washed 
three times with the hypotonic buffer, treated with 100 u,I of 
50 mM HEPES (pH 7.8), 420 mM KC1, 0.1 mM EDTA, 1 mM 
dithiothreitol, 5 mM MgCl 2> 0.5 mM PMSF, 2 |xg/ml pepsta- 
tin, and 2 M-g/ml leupeptin, and then gently rotated with a 
rotator at 4°C for 30 min. The supernatant was prepared as 
the nuclear fraction. 

Preparation of GSTtt antibody 

GSTtt was purified from human placenta, and polyclonal 
antibody against human GSTtt was obtained by immunization 
of rabbits with the purified GSTtt as described previously 
(33). 

Immunological assay 

Immunological levels of GSTtt, p53, and Cu,Zn-SOD in the 
cells were estimated by Western blotting. Lysate from the 
extract of 1 X 10* cells was separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 
a 12.5% gel, transferred to a nitrocellulose membrane, and 
immunologically stained with rabbit anti-human GSTtt IgG, 
mouse anti-human p53 IgG, or rabbit anti-human Cu,Zn-SOD 
IgG. as the first antibody, and then with horseradish peroxi- 
dase-labeled anti-rabbit IgG as the second antibody. Blots 
were developed by enhanced chemiluminescence using the 
ECL kit, and relative immunological activities were analyzed 
by N1H Imaging software. The protein concentration was 
determined according to Redinbaugh and Turley (41), with 
bovine serum albumin as the standard. 

Phase-contrast microscopy 

The effect of anticancer drugs on the morphological change 
in cell shape was estimated by phase-con trast microscopy 
(Nikon TMD300, Tokyo, japan). 

Immunohistochemistry 

For immunostaining, HCT8 cells were maintained with RPMI 
1640 containing 10% FBS in a four-well Lab Tec Chamber 
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ntergen, Purchase, NY). Briefly, about 2 X 10 6 cells were 
arvested, fixed in 70% ethanol, treated with TdT for 1 h and 
ien FITGconjugate anodigoxigenin for 1 h at room tempera- 
ire, washed with 0.1% Triton X-100/PBS, and resuspended in 
ropidium iodide containing RNase A. Fluorescence intensity 
as estimated simultaneously, at FL-1 (530 nm) for the TUNEL 
5say and at FL-2 (585 nm) for the cell cycle analysis using a 
ACScan flow cytometer (Becton Dickinson, San Jose, CA). 

Inzyme activity 

•he activity of caspase-3 was esdmated by using a CPP32/ 
:aspase-3 Colorimetric Protease Assay Kit (Medical 8c Biolog- 
cal Laboratories, Nagoya, Japan). Briefly, according to the 
nanufacturer's instructions, cell pellets were treated with 
ce-cold cell lysis buffer for 10 min. After centrifugation, 100 
L g of the supernatant protein was treated with DEVD-£- 
litronilide at 37°C for 2 h, and the change in absorbance at 
[00 nm was measured. The relative activity is expressed with 
he absorbance of control for each time point as 1. The 
icdvity of GST was estimated as described using l-chloro-2,4- 
iinitrobenzene as substrate (42). One unit of GST activity is 
impressed as 1 u.mol substrate changed/min. 
f 

Concentration of DOX 

The intracellular concentration of DOX was estimated fluoro- 
metrically. Cells treated with various concentrations of DOX 
for 1 h were harvested and washed twice with ice-cold PBS. 
The fluorescence intensity of the cells was estimated at FI^3 
; (630 nm) using a flow cytometer. The intranuclear concen- 
tration of DOX was determined by using cell pellets treated 
Sith 0.1% Triton X-100/PBS as assay material. 

Plasmid construct and DNA damage assay 

Kftie 7-GCS heavy subunit probe (267 base pairs corresponding 
fe nucleotides 54-320 of the rat kidney 7 heavy subunit) 
swas prepared by polymerase chain reaction using rat liver mRNA 
l& template. This probe was used to prepare a full-length human 
pGCS heavy subunit cDNA by cloning a human foreskin cDNA 
ffibrary in Xgt 11 (43). After the blunting of 764 base pairs of 
pGCS corresponding to nucleotides 865-1628 of human yOCS 
Spin the full-length 7-GCS cDNA, an 8-mer BamHl linker was 
feted. A pUC 19 vector digested bv BarriHl was ligated to 7-GCS 
IdKA to construct the plasmid pUOy-GCS. DNA intercalation 
ir DOX was assayed by using pUGrGCS. Various concentra- 
tions of DOX (0-20 \iM) were incubated in the presence or 
|bsence of GSTtt (0-3 U) and a GSH mixture (2 mM GSH, 2 U 
;lutathione reductase, and 2 mM NADPH) for 30 min at 

I:, followed by incubation with 400 ng of the pU&rGCS 
mid for 30 min. Similarly, DNA cross-linking by CDDP was 
yed by using pUC-7-GCS. Various concentrations of CDDP 
100 \jlM) were incubated in the presence or absence of 
:<rr (0-3 U) and a GSH mixture for 1 h at 37°C, followed by 
ibation with 400 ng of the pUGT-GCS plasmid for 3, 6, or 
1. Then, in each experiment, 200 ng of the pUC-7-CCS was 
lied to a 1% agarose gel for electrophoresis at 15 mA for 40 
t. Final detection was with ethidium bromide (0.5 ug/mi). 
1 viability 
r^.l number and viability were determined by the trypan blue 
p'ye exclusion method and MTT assay. Cells in PBS were 
l&eated with an equal vol of 0.4% trypan blue and allowed to 
pand at room temperature for 5 min. Chambers of the 
^fernocytometer were then filled and the dead (blue-stained) 

M 



cells were enumerated under a phase-contrast microscope. 
The MTT assay was performed as previously described (26). 

Statistical analysis 

Data were presented as means - sd. Differences were exam- 
ined by using Student's t test. A value of P < 0.05 was 
considered significant. 



RESULTS 

Nuclear transfer of GST 77 by DOX 

Figure 1 shows Western blots for GST - in human 
cancer cell lines. Immunological activity of GSTtt was 
observed in the cytoplasm of every cancer cell tested. 
The immunological activity of GSTtt was relatively high 
in T98G, PC-6, and A549 cells compared with HCT8, 
A2780, and THP-1 cells (Fig. I A, B). Immunological 
activity of GSTtt was observed in the nucleus of HCT8, 
T98G, A549, and A2780 cells, whereas it was not 
detected in PG6 or THP-1 cells (Fig. 1C upper panel). 
Treatment with DOX (10 |tM) for 6 h resulted in an 
increase in the level of GSTtt in cytoplasm in every cell 
line (Fig 1A, B). The treatment caused a nuclear 
transfer of GSTtt in HCT8, T98G, A549, and A2780 
cells (Fig. 1C, D). The lower panel of Fig. 1C shows the 
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Figure 2. Change in cell shape. The morphological change in 
cell shape in the presence ( + ) or absence (-) of 10 uM DOX 
for 6 and 24 h was examined with a phaie-contrast micro- 
scope (200 X). 
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results of SDS-PAGE for total nuclear protein, suggest- 
ing that not all nuclear proteins were induced by 
treatment with DOX. To test for possible contamina- 
tion by cytoplasmic protein, the amount of Cu,Zn-SOD 



C?7 £n b> ' , eStem bl0tting * A PP arem b ^ds orf 
Cu,Zn-SOD were detected in cytoplasmic fractions hS& 
not in nuclear fractions (Fig..l£), ruling out SN* 
possibility of contamination by cytoplasmic proteins 
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I Morphological change by DOX 

!;• 

^Figure 2 shows the morphological change in cell shape 
Rafter treatment with 10 \x.M DOX for 6 and 24 h. HCT8, 
t£T98G, and A549 cells, in which GSTtt accumulated in 
tithe nucleus, revealed no apparent change in morpho- 
logical features at 6 h, and only growth restriction at 
|:24 h. The cells that adhered to the culture dish wall 
|ivere somewhat hypertrophic at 24 h; however, not 
fzmany round cells detached from the wall. In contrast, 
|pC-6, A2780, and THP-1 cells, in which GSTtt did not 
^accumulate in the nucleus, revealed a change in cell 
pshape at 6 h; furthermore, most of the cells were 
grounded up and detached from the dish wall at 24 h. 
sjfCell viability analysis showed that the round cells de- 
j|iached from the dish wall were dead. Subsequent 
^experiments were done with HCT8 cells. 

|*Time and dose dependence of the change in GSTtt 

i|- 

gFigure 3 shows results of Western blotting for GSTtt. 
p)OX induced cytoplasmic GSTtt in a dose-dependent 
^(Fig. 3A, B) and time-dependent (Fig. 3C, D) manner. 

concomitant increase in the level of GSTtt was 
^observed in the nucleus. There was no apparent. differ- 
ence in the electrophoretic pattern of GSTtt on the gel 
between cytoplasm and nucleus, which excludes the 
possibilities that the bands in the nucleus are of other 
proteins cross-reactive to anti-GSTTr antibody, or that 
|GSTtt underwent alternative splicing or post-transla- 
|tipnal modification. During the experiment, no Cu,Zn- 
|S ; 6d was transferred to the nucleus (Fig. 3£). 
gg-.Next, the nuclear transfer of GSTtt was examined 
||ith other anticancer drugs. CPT-11 and CDDP had an 
||ffect on the nuclear transfer of GSTtt corresponding 
Jo increase in GSTtt in qtoplasm (Fig. 3F, G). 
Mr' 

glmmunohistochemical staining: of GSTtt 

W 

|Fhe intracellular localization of GSTtt was evaluated by 
rfmmunohistochemistry' (Fig. 4). An increase in the 
|sigriai intensity for GSTtt was observed in the nucleus of 
pCT8 cells treated with DOX (10 pM), CPT-11 (10 
or CDDP (20 \iM) for 6 h, with greater accumu- 
lation of the signal within 24 h. The data are consistent 
j|gth those obtained by Western blotting (Figs. 2 and 3). 

m 

SJfect of ABL 

j||BL, a lectin, is known to be internalized in intact cells 
interfere with the transfer of nuclear proteins (44). 
§|e effect of ABL on the nuclear transfer of GSTtt was 
|pied (Fig. 5). HCT8 cells preincubated with 40 
EK^ml ABL for 10 h were treated with DOX for 6 h. 
Ipstern blot analysis showed that pretreatment of the 
pUf. ^th ABL alone did not affect GSTtt in cytoplasm 
^ig. 5A, upper panel, lanes 4 and 1). Pretreatment 
ABL had no effect on the DOX (10 uM)-depen- 
|j|t induction of GSTtt in cytoplasm (Fig. 5A, upper 
jffigWl lanes 5 and 6 vs. 2 and 3). ABL alone decreased 

w 

^UPlCAD r*i I ITA Ti_iir%vir r -rn a k irrrn * rr 




Figure 4. Intracellular localization of GSTtt. The presence of 
GSTtt was confirmed by immunological staining. HCT8 cells 
incubated with anticancer drugs for 6 or 24 h were treated 
with anti-GST- followed by treatment with FITC-conjugated 
anti-rabbit IgG for 1 h and propidium iodide • PI) /PBS for 10 
min to clarify the nuclear region. The morphological charac- 
teristics of fluorescence intensity were observed with a fluo- 
rescence microscope (400X), and data were analyzed by 
using a CCD camera and AxioVison software. PI panels are 
shown for comparison. 

the amount of GSTtt in the nucleus by 40% (Fig. 5A, 
lower panel, lanes 4 and 1). Pretreatment with ABL 
caused a loss in the amount of GSTtt in the nucleus by 
50% of that in cells stimulated by 5 and 10 \iM DOX 
(Fig. 5A, lower panel, lanes 5 and 6). Next, we exam- 
ined the effects of hydrogen peroxide on the nuclear 
transfer of GSTtt. Treatment of HCTS cells with both 
100 and 200 \iM hydrogen peroxide for 30 min caused 
nuclear translocation of GSTtt. and the amount of 
GSTtt in the nucleus increased for up to 90 min. ABL 
inhibited the transfer of GSTtt. by hydrogen peroxide 
(Fig. 5C, D). The protein p53 is known to localize both 
in the nucleus and cytoplasm and to possess a nuclear 
localization signal (XLS). No inhibitorv effect of ABL 
was observed on the nuclear transfer of p53 (Fig. 5£). 
Immunohistochemical analysis of GSTtt showed similar 
findings to those obtained by Western blotting 
(Fig.5F). 

Table 1 shows changes in the activity of GST in the 
cytoplasm and nucleus after treatment of HCT8 cells 
with DOX, CPT-11, and CDDP. Treatment with 10 \iM 
DOX increased GST activity by 1.2-fold (6 h) and 
2.4-fold (24 h) in the cytoplasm, and bv 1.4-fold (6 h) 
and 2.2-fold (24 h) in the nucleus. CDDP (20 u.M) also 
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Figure 5. The effects of ABL. The effects of 
ABL on the amount of GSTir and p53 were 
estimated. HCT8 cells previously incubated 
with or without 40 u,g/ml of ABL for 10 h 
were treated with DOX for 6 h (A) or with 
100 or 200 m-M hydrogen peroxide for 
30-90 min (Q. A) Immunological activity of 
GST-ir in the cytoplasm and nucleus was 
estimated by Western blot analysis. Lanes 2 
and 5: 5 jxM DOX; lanes 3 and 6: 10 u,M 
DOX. B) Each lane corresponds to that in A. 
Values are expressed as relative to the inten- 
sity in HCT8 cells without ABL and DOX as 
100%. Open bars indicate GSTir in the 
cytoplasm; dotted bars indicate GSTir in the 
nucleus (B, D). Data are the means of three 
independent analyses; bars show the sd. 
*P < 0.05 compared with control cells. Q 
Immunological activity of GSTir in the cyto- 
plasm and nucleus was estimated by Western 
blot analysis. D) Each lane corresponds to 
that in C Values are expressed as relative to 
the intensity in HCT8 cells without ABL and 

K^or*^ *e capias, and nudeu, F) Effects 

traceuuiar localization of GSTtt were esamated by immunostaining as described in Fig. 4. 
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TABLE 1. Change in the activity of GST in the cytoplasm and 
the nucleus 0 



GST (mU/10 6 cells) 



'Treatment 



Cytoplasm 



Nucleus 



Control 22.8 ±1.6 5.2 ± 0.3 

*10 jxM DOX (6 h) 28.6 ± 1.9 7.0 ± 0.4 

: 10 u,M DOX (24 h) 54.8 ± 2.5 11.5 ±0.6 

^10 u.M CPT-1 1 (6 h) 27.8 ± 1.5 7.2 ± 0.2 

h0 \M CPT-1 1 (24 h) 51.8 ± 2.8 9.5 ± 0.5 

m jjlM CDDP (6 h) 25.8 ± 1.2 6.7 ± 0.2 

.20 \iU CDDP (24 h) 36.8 ± 2.1 9.0 ± 0.4 

HO p-g/rail ABL 21.5 ±1.3 2.5 ± 0.3 
k0 u-g/ml ABL + 10 \lM 

I DOX (6 h) 27.5 ± 1.2 2.0 ± 0.4 
* Values are means ± sd of three independent experiments. 

increased GST activity in the cytoplasm by 1.6-fold and 
Sin the nucleus by 1.7-fold at 24 h. Similarly, CPT-1 1 (10 
IJjlM) increased in GST activity in the cytoplasm by 
^.3-fold arid in the nucleus by 1.8-fold at 24 h. Pretreat- 
ment of cells with ABL abolished the DOX-stimulated 
*t)ST activity in the nucleus at 6 h. 

ffect of nuclear GSTtt on the cytotoxicity of DOX 

o elucidate the physiological meaning of the nuclear 
GSTtt for cell morphology, TUNEL assay and cell cycle 
analyses were performed (Fig. 6). Morphologically, 
"L treatment for 24 h increased the number of 
-pmdle-shaped cells. Pretreatment with ABL enhanced 
e DOX-induced change in shape at 6 h, the cells 
eing round and detached from the culture dish wall at 
2| h (Fig. 6A). With the TUNEL assay (Fig. 65), ABL 
~6he did not have any effect compared with the 
pntrol cells. Pretreatment with ABL enhanced the 
J|X-induced increase in TUNEL-positive cells at 6 h, 
th an additional increase at 24 h. There was no 
difference in the cell cycle between ABL-treated cells 
d control cells. DOX (10 |xM) treatment caused a 
|!/M arrest at 6 h, and the number of arrested cells 
Increased at 24 h. The cell cycle of the cells pretreated 
flth ABL and then treated with DOX for 24 h was not 
^easurabie (Fig. 65), possibly because of the enhance- 
| nt of DNA fragmentation and a leak of DNA from 
_e nucleus. 

*fhe effect of DOX on the caspase-3 activity was also 
Liuated (Fig. 6Q. A threefold increase in the activity 
?i^ v e to the control was observed when cells were 
~f ted with 10 \iM DOX for 24 h (lanes numbered 3). 
^treatment with ABL enhanced the DOX-induced 
^iyation of caspase-3 by 20-fold at 6 h and by 4S-fold at 
Ip, but the activity declined at 24 h (lanes numbered 
^Chromatin condensation in the nucleus examined 
*th Hoechst 33342 was detected only in the nucleus 
ifted with ABL and DOX (data not shown). 



Accumulation of DOX in the nucleus 

Accumulation of DOX was estimated by flow cytometry. 
Figure 7 shows the effect of DOX in whole cells and the 
nucleus. Treatment with DOX increased the amount of 
DOX in whole cells in a dose-dependent manner (left 
panels). Pretreatment with ABL had no effect on the 
amount of DOX in whole cells. In the nucleus, the 
amount of DOX also depended on the dose (right 
panels). The amount was 240% at 50 pM DOX and 
340% at 100 jjlM DOX, when that at 10 \iM DOX was 
100%. Pretreatment with ABL enhanced the amount of 
DOX in the nucleus by 13.6-fold of that obtained with 
10 jxM DOX alone. 

Effect of GSTtt on DNA intercalation by DOX 

The effects of GSTtt in the nucleus on DNA intercala- 
tion by DOX and DNA cross-linking by CDDP were 
studied in vitro by using a pUC-7-GCS plasmid. Figure 
8 shows electrophoresis results with agarose gels for 
DOX (A) and CDDP (£). The electrophoretic pattern 
of pUC-7-GCS plasmid indicated a relaxed form and a 
supercoiled form (Fig. 8 A, lane 1). Treatment of the 
plasmid with DOX caused a relative decrease in the 
band corresponding to the supercoiled form. This 
decrease was apparent at 30 min, especially with 10 and 
20 |xM DOX (Fig. 8.4, lanes 4 and 5). This change may 
due to a change in mobility of DNA in the gel and a 
decrease in the degree of DNA staining by ethidium 
bromide. In the presence of GSTtt and the GSH 
mixture, a broad band was observed between bands of 
the relaxed and supercoiled forms, and the intensity of 
the DNA bands increased (Fig. 8A, lanes 7-9). Removal 
of GSTtt or the GSH mixture resulted in a disappear- 
ance of the broad band, so that a similar pattern to that 
observed with DOX alone was found (Fig. 8A, lanes 10 
and 11). Similarly, the effects of GSTtt on DNA cross- 
linking by CDDP were detected as changes in the 
electrophoretic patterns of two DNA bands, corre- 
sponding to the relaxed form by 20-100 \iM CDDP for 
6 h (Fig. SB f lanes 6-8) and 12 h (Fig. 8B, lanes 10-12). 
In the presence of GSTtt and the GSH mixture, 
changes in the relaxed forms were restored to the 
control (Fig. 8B, lanes 14-16). 



DISCUSSION 

In the present study, we found evidence for the first 
time that 

1) GSTtt existed in the nucleus in some cancer cells, 
and the amount of the nuclear GSTtt was enhanced by 
treatment of the cancer cells with anticancer drugs. 

2) Among cancer cells in which the nuclear GSTtt 
was not observed, anticancer drugs did not induce 
expression of the nuclear GSTtt. 

3) A specific transport system may exist for the 
nuclear transfer of GSTtt. 
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Figure 6. Cytotoxtaty of DOX The effect of ABL on the cytotoxicity of DOX was examined. A) The morphological chan»^ 
cell shape after treatment of HCT8 cells with 40 ng/ml ABL for 10 h followed by 10 ,iM DOX for 6 or 24 h was examined^^l 
unng a phase<ontrast microscope (200 X). B) The TUNEL assay was performed by using an ApoVTag Plus Flu^SSIpl 
Apoptosis Detecuon K,t as described in Materials and Methods. HCT8 cells (2X10-) treated as in LJe empZyZ SM^m 
Con.ro! cells were incubate without ABL for 10 h and further incubated as indicated, fluorescence intensity was esum«ff 

SffiS^ ?" ^ ^ ™ estimated 35 deScribed in Materiak ^ Methods. Lanes numb^g 
ABL fo?l 0 A fo,^ g/ ^ k , ° nC f ° r *u e 1 1 n d, S t ^ dme S ' 10 * M DOX alone for the indicated time period; 4, 40 i^MWrn 

fSnrtn, h f f °"° Wed ^ ^atment with 10 ^M DOX for the indicated dme period. The relative activity was expressed w^Mgl 

4) GSTtt in the nucleus protected DNA from damage efflux of DOX (31). Transport of leukotrieneWM 
by anucancer drugs. through MRP1 was not inhibited by DOX alone, but||g|fg 

Pharmacological studies have suggested that GSTtt DOX-GSH adduct inhibited the transport of levkS^MM 
contnbutes to anocancer drug metabolism that atten- ene C 4 in insideK)ut vesicles (29). These results suf c T " 
uates cellular sensitivity to a drug (33, 45, 46). DOX is 
transported outside the cells through P-glycoprotein, 
MRP1, and other ABCs. Overexpression of these trans- 
porters causes a decrease in the intracellular amount of 
DOX, leading to resistance to DOX in cancer ceUs (29, 
31, 32). Previous treatment of cancer cells with BSO, a 
specific inhibitor of 7-GCS, caused a decrease in the 



that ABCs recognize DOX in the form of a DOX^|^^| 
adduct and that this adduct is necessary for efflux^^p^ 
presence of the DOX-GSH adduct inside of cells^^^ 
reponed by Serafino et al. (34), suggesting that C^^^^p 
tiadon of the adduct Howev^^^ 



plays a role in the formation 

there is no direct evidence of this. A possible rol % , 
GSTtt in the formation of the DOX-GSH adduct^ 
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pjjgure 7. Accumulation of DOX in the nucleus. The accumu- 
lation of DOX in the whole cells and the intranuclear 
goncentration of DOX were estimated by flow cytometry, 
ills treated with various concentrations of DOX for 1 h were 
jshed twice with ice-cold PBS. The fluorescence intensity of 
Te cells was estimated at FL-3 (630 nm) using a flow 
tometer. The intranuclear concentration of DOX was de- 
Sfinined by using cell pellets treated with 0.1% Triton 
j|100/PBS as assay material. Left panels show the amount of 
|S)X in whole cells, and right panels show that in the 
gjcleus. The data are from typical analyses. 

ported by Awasthi et al. (45) and Maeda et al. (46). 

sthi et al. treated cancer cells with ethacrynic acid, 
ppecific substrate of GSTtt, which resulted in an 
|ibition of the formation of the DOX-GSH adduct 
M an enhanced cytotoxic effect of DOX (45). Maeda 
paij. treated cancer cells with W-77, an inhibitor of 
Ttt, and found that it partially overcame the resis- 
Jpe to DOX (46). 

|£t)DP is removed via ABCs such as MRP1 or cMOAT. 
Iduct formation of CDDP with GSH is necessary for 
||efflux of CDDP (26-28) catalyzed by GSTtt (33). 
|l|se findings indicate that GSTtt is important in the 
% step of detoxifying CDDP in cancer cells. It has 



been reported that CPT-11 is transported via ABCs 
(47), but the role of GSTtt in CPT-11 metabolism is not 
known. 

Transfection of other GST isozymes, such as GSTct or 
GSTjx, to breast cancer MCF7 cells had no apparent 
effect on resistance to DOX and CDDP (48). These 
results strongly suggested that GSTtt is important for 
metabolizing DOX and CDDP. Overexpression of 
GSTtt in cancer cells caused an acquisition of resistance 
to DOX and CDDP (35-38), but no change was ob- 
served after transfection (39). These experiments ad- 
dressed the role of GSTtt in intracellular metabolism of 
anticancer drugs. However, there is no report on the 
role of nuclear GSTtt in anticancer drugs that target 
nuclear DNA. Furthermore, overexpression of GSTtt 
was studied in whole cells without the intracellular shift 
in location being addressed. 

Ours is the first report on the importance of nuclear 
GSTtt in drug resistance. We observed the presence of 
nuclear GSTtt in various cancer cell lines. The amount 
of nuclear GSTtt on immunoblots did not depend on 
the amount in cytoplasm (Fig. 1). The results strongly 
suggest the existence of a specific transport system 
rather than simple diffusion for the nuclear transfer of 
GSTtt. The cancer cells in which no apparent GSTtt was 
found in the nucleus were sensitive to DOX and to 
apoptosis (Fig. 2). We speculated that nuclear GSTtt 
has an antiapoptotic role in regulating cell sensitivity to 
DOX. 

GST activity was increased by treatment with antican- 
cer drugs for 6 h (Table 1). It is strongly suggested that 
GST mRNA is induced by these anticancer drugs, 
leading to an increase in GST activity in the cytoplasm. 
Therefore, the possibility cannot be ruled out that such 
an increase in cytoplasmic GST causes its accumulation 
in the nucleus. However, in the preliminary study, 
production of ROS was observed in the cells treated 
with these anticancer drugs (data not shown). In HCT8 
cells, only GSTtt was expressed, whereas other major 
subclasses of GST were not found. Next, we examined 
the effect of hydrogen peroxide on the nuclear transfer 
of GSTtt over a short period of incubation, during 
which stimulation of the expression of GSTtt mRNA 
cannot be detected. Treatment of cells with 200 u,M 
hydrogen peroxide for 30 min increased the amount of 
nuclear GSTtt (Fig. 5C, D, F). These findings suggest 
that regulation of the nuclear transfer of GSTtt is 
independent of the amount of GSTtt in cytoplasm. 

Next, we studied the mechanism of the nuclear 
transfer of GSTtt and the effect of nuclear GSTtt on 
drug resistance. We employed cancer cells in which 
nuclear GSTtt was induced by DOX, CPT-11, and 
CDDP, and did not examine the mechanism by which 
the transfer of GSTtt was prevented in some cancer 
cells. In the amino acid sequence of GSTtt, no transfer 
signal was found: a monopolar type of NLS composed 
of a group of basic amino acids found in SV40 T 
antigen, a bipolar type of NLS composed of two basic 
amino acids found in nucleoplasmin, or a shutding 
sequence found in RNA binding protein known as the 
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-aused apoptosis in the cells treated with ABL (data not 
jhown) . The metabolic pathway of CPT-1 1 has not been 
elucidated, and the role of nuclear GSTt: in CPT-1 1- 
induced DNA damage is unclear at present. 
f Collectively, our findings show that GSTt? is trans- 
ferred to the nucleus on exposure of the cell to 
anticancer drugs and prevents drug-induced DNA dam- 
age. The use of inhibitors targeting the nuclear transfer 
of GSTtt may prove an efficient therapy to reduce drug 
resistance in cancer cells. 0 
| 

I The authors are grateful to Ms. J. Tagaya for secretarial 
jwork. 
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